t was assumed for several decades that the major role of mitochondria in Ca 2+ metabolism was Ca 2+ sequestration and hence the protection of the cell against Ca 2+ intoxication. A previously unknown and perhaps more important role was indicated by the observations of Denton, McCormack, and coworkers (8), who found that the activity of pyruvate, isocitrate, and oxoglutarate dehydrogenases in permeabilized or homogenized mitochondria was enhanced by Ca
. Two of these enzymes, pyruvate and oxoglutarate dehydrogenase, are halfmaximally activated by Ca 2+ in the concentration range between 10 7 and 10 6 M. In studies on mitochondrial suspensions, it was also observed that physiological fluctuations of mitochondrial Ca 2+ uptake elicited changes in mitochondrial matrix Ca 2+ concentration ([Ca 2+ ]) in that range, which regulates the matrix dehydrogenases (7) . Extension of these observations to intact cells was rendered possible by single-cell fluorimetry. It was shown by two groups in 1992 (3, 9) that Ca 2+ influx through voltage-gated Ca 2+ channels was followed by Ca 2+ -dependent reduction of mitochondrial pyridine nucleotides [NADH plus NADPH, designated as NAD(P)H]. As observed in the same laboratories, Ca 2+ also activated mitochondrial glycerol phosphate dehydrogenase, responsible for the shuttling of electrons from the cytoplasm to mitochondrial flavin adenine dinucleotide. Also in 1992, after the successful targeting of the Ca 2+ -sensitive photoprotein aequorin into the mitochondria, Rizzuto et al. (see Ref. 11 ) reported on the transfer of the Ca 2+ signal from the cytoplasm to the mitochondrial matrix. Since that time this signal transfer has been observed in several cell types. The shaping of cytoplasmic Ca 2+ response and the modification of the function of inositol 1,4,5-trisphosphate (IP 3 ) receptor by mitochondrial Ca 2+ transport processes have also been described (reviewed in Ref. 15 ).
High-Ca 2+ microdomains and mitochondrial Ca 2+ transport
As reviewed (4), Ca 2+ uptake through the mitochondrial inner membrane takes place via a high-capacity, ruthenium red-sensitive uniporter. The main driving force is the mitochondrial membrane potential (about 180 mV inside). Halfmaximal transport rate is attained in the range of 10 uniporter, the perimitochondrial Ca 2+ spikes are transmitted into the mitochondrial matrix in an amplified manner and the ensuing increase in ATP production will subserve the biological response to the external stimulus.
Ca

2+ signal facilitates cholesterol transport and NADPH formation in steroid-secreting cells
For stimulation-secretion coupling in steroid-producing cells, which are densely packed with mitochondria, it seems to be essential that Ca 2+ signal activates mitochondrial metabolism. The mitochondrion is the particle at which the side chain of cholesterol is cleaved off to yield 21-carbon pregnenolone and at which all subsequent steroid hydroxylations of corticosteroid biosynthesis (with the exception of 17,-hydroxylation) occur. The rate-limiting step of steroid biosynthesis is the supply of cholesterol to the side chain cleaving cytochrome P-450 within the mitochondrial inner membrane. Side chain cleavage and the mitochondrial hydroxylation steps require NADPH, formed by the energy-linked nicotinamide nucleotide transhydrogenase from NADH as well as directly by isocitrate dehydrogenase.
At least two carriers may be involved in the transport of cholesterol from the cytoplasm into the mitochondria. One of them is a 37-kDa protein, the steroidogenic acute regulatory protein (StAR). In addition to being activated by cAMP (via protein kinase A), increased [Ca 2+ ] i induces the expression and, via calmodulin-dependent kinase II, also the activation of StAR (1). StAR facilitates cholesterol transport by acting on the outer mitochondrial membrane. The activity of the other carrier, the 3.2-kDa steroidogenesis activator polypeptide (SAP), is claimed to facilitate the intermembrane transport of cholesterol. Its activity is enhanced by both Ca 2+ and GTP (6). Intramitochondrial Ca 2+ has also been suggested to facilitate the transport of cholesterol from the outer to the inner mitochondrial membrane (6); however, no data are available supporting a link between this action of intramitochondrial Ca 2+ and the function of SAP or StAR.
Membrane-permeant cholesterol derivatives increase steroid production even in the absence of any Ca 2+ signal. Several observations, however, suggest that increased reduction of pyridine nucleotides also enhances steroid hydroxylation. Classic biochemical studies (reviewed in Ref. 9 ) revealed that Krebs cycle intermediates support the reduction of pyridine nucleotides and steroid hydroxylation. In ACTH-stimulated adrenocortical cells, the steroid production rate correlates with the activity of the Krebs cycle. Rotenone, a drug that evokes the accumulation of reduced pyridine nucleotides by inhibiting the mitochondrial electron transport chain, enhances the side chain cleavage of cholesterol by isolated bovine adrenocortical mitochondria.
As demonstrated with online fluorimetric measurements in rat adrenal glomerulosa cells (9, 13), the K + -evoked Ca 2+ signal is instantly followed by reduction of mitochondrial pyridine nucleotides (Fig. 1) . When K + concentration was raised from the physiological resting level of 3.6 mM to 6.6 mM, half-maximal NAD(P)H fluorescence followed half-maximal Ca 2+ signal with a lag of ~2 s. The pattern of [Ca 2+ ] i oscillation induced by angiotensin II (Fig. 1) or vasopressin corresponds to that of mitochondrial NAD(P)H oscillation (10, 13) . A similar relationship between [Ca 2+ ] i and the reduction of pyridine nucleotides has been observed in rat ovarian luteal cells stimulated with prostaglandin F 2, (15) . (In both cell types, the mitochondrial origin of the NAD(P)H response has been confirmed by the application of electron transport chain inhibitors.) In K + -stimulated rat glomerulosa cells, the pharmacological inhibition of steroid synthesis significantly retards the reoxidation of NAD(P)H after the termination of the Ca 2+ signal (14) . This observation, in accordance with previous data on the enhancement of steroid production by NADPH, suggests that NADPH, formed in excess during Ca 2+ signaling, is utilized for steroid synthesis. ] i above 300 nM, yet NAD(P)H level is increased (14) . In luteal cells (15) , capacitative Ca 2+ influx induces a steep Ca 2+ signal, which, however, does not exceed 200 nM. Nevertheless, even this small Ca 2+ signal raises mitochondrial NAD(P)H level (Fig. 2) . The fact that the ensuing NAD(P)H signal had a slowly rising phase only (as opposed to that of the Ca 2+ signal) indicates that no high-Ca 2+ microdomain was formed around the mitochondria. Capacitative Ca 2+ influx significantly accelerates the accumulation of NAD(P)H induced by the subsequent application of rotenone, showing that the observed change in mitochondrial redox state is in fact brought about by enhanced dehydrogenase activity (15) .
Low submicromolar Ca
2+ signal is also transferred into the mitochondrial matrix 
FIGURE 4. Major actions of Ca
2+ on a steroid-producing cell. Ca 2+ signal in the cytoplasm activates steroidogenic acute regulatory protein (StAR) and thus enhances the transfer of cholesterol to side chain-cleaving cytochrome P-450 (P450) in the inner mitochondrial membrane. Ca 2+ is transported into the mitochondrial matrix by a Ca 2+ uniporter (up.), enhancing cholesterol uptake and the formation of NADH and NADPH. NADPH, also formed from NADH by nicotinamide nucleotide transhydrogenase (TH), supports reducing equivalents to P450 via the adrenodoxin reductase/adrenodoxin (AD) system. P450 converts cholesterol to pregnenolone. Mitochondrial NADPH is also utilized for the conversion of deoxycorticosterone to aldosterone and deoxycortisol to cortisol (not shown). ] was usually monitored with aequorin, genetically targeted into the mitochondria. This photoprotein, because of its low affinity for Ca ] was directly monitored in our lab with the application of rhod 2, a Ca 2+ -sensitive fluorescent dye that, because of its positive charges, accumulates in mitochondria. After permeabilizing the plasma membrane, we could remove any residual dye from the cytoplasm and could precisely adjust the extramitochondrial [Ca 2+ ] with Ca 2+ buffers. The mitochondria of both luteal cells (15) and glomerulosa cells also responded to elevation of extramitochondrial [Ca 2+ ] in the low submicromolar concentration range (Fig. 3) with a sensitivity at least as great as that observed in sympathetic neurons. When extramitochondrial [Ca 2+ ] was raised from 50 to 180 nM in luteal and from 100 to 300 nM in glomerulosa cells, there was a significant increase in mitochondrial Ca 2+ -rhod fluorescence. This means that, in steroid-producing cells, Ca 2+ signals just above the resting level are already transmitted into the mitochondrial matrix. This observation, which may also be valid in other, hitherto unstudied cell types, challenges the exclusive role (but obviously not the efficiency) of high-Ca 2+ microdomains in activating mitochondrial metabolism.
Another property of steroid-producing cells is the formation of an oscillatory as well as a sustained Ca 2+ signal, depending on the stimulus applied. In glomerulosa cells, oscillating Ca 2+ and NAD(P)H signals are induced by angiotensin II (Fig. 1) or vasopressin applied at a physiological concentration. Angiotensin II at a pharmacological concentration induces a sustained Ca 2+ signal, which, in turn, evokes a sustained NAD(P)H signal (13) . Prolonged stimulation with K + (>5 min) also elicits sustained Ca 2+ and NAD(P)H signal, and the latter lasts at least as long as the stimulus (9, 13 -mobilizing agonists induce an oscillating signal, whereas in glomerulosa cells an important physiological stimulus (extracellular K + ) induces a sustained Ca 2+ signal. The ability of glomerulosa cells to maintain increased NADPH formation may contribute to the hypersecretion of aldosterone during hyperkalemia, a basic mechanism of vertebrate homeostasis.
The major actions of Ca 2+ in mediating the effect of stimulatory agents on steroid secretion are summarized in Fig. 4 . Cytoplasmic Ca 2+ signal induces and activates StAR, which facilitates the transport of cholesterol into the mitochondria. The cytoplasmic Ca 2+ signal is efficiently transmitted into the mitochondrial matrix. The ensuing mitochondrial Ca 2+ response also promotes the transport of cholesterol to the site of side chain cleavage and activates Ca 2+ -dependent dehydrogenases. The increased formation of NADH yields more ATP, obviously required for the maintenance of the intracellular ionic composition, whereas NADPH, formed at the expense of NADH, is utilized for the enhanced steroid production. The stimulus-induced Ca 2+ signal, by virtue of its effect on both the substrate supply of steroid synthesis and the redox state of the mitochondria, will thus enhance steroid secretion by two major mechanisms.
